Introduction
Although melanoma comprises 5% of all skin-related tumors, it is responsible for 75% of the deaths caused by this type of cancer. Although significant progress has been made in the last decade and the number of cases has significantly decreased, the overall mortality rate has remained steady. New treatment strategies based on BRAF inhibitors or CTLA-4 blocking antibodies have provided only slight benefit to patients with stage IV melanoma and melanoma metastases. This moderate success provides the rationale to continue research on expanding therapies focusing on cancer biology and targeting molecular pathways crucial for proliferation, metastasis and respond to treatment (1) (2) (3) .
DNA synthesis and repair require coordinated deoxyribonucleoside triphosphate (dNTP) supply as basic building blocks. Impaired balance of the dNTP pool affects S phase duration time, DNA synthesis fidelity, as well as the ability and effectiveness of DNA repair. Loss of control over these processes can also trigger genome instability and may initiate cancerogenesis. The increased demand for deoxyribonucleotides is serviced by upregulation of ribonucleotide reductase (RNR), which reduces the 2' carbon of a ribonucleoside diphosphate and has been considered as the rate-limiting step in dNTP production. RNR as a heterodimeric protein consists of three subunits -one ribonucleotide reductase family member 1 (RRM1) and two molecules of RRM2. While RRM1 expression is constant throughout the cell cycle, the expression of RRM2 fluctuates and peaks at S phase, when the need for nucleotide synthesis is the highest. The degradation of RRM2 occurs in late G2 phase of the cell cycle in the nucleus and is controlled by Skp, Cullin, F-box containing (SCF) negatively correlates with the RRM2 level, which may suggest their cooperation in the axis, important for genome stability and DNA repair (5) . As it has been suggested, overexpression of RRM2 is associated with poorer patient prognosis in melanoma and many other cancers. Furthermore, cells with high content of RRM2 are characterized by much more effective DNA repair systems which impair the effectiveness of therapy (6) (7) (8) (9) .
The aim of our in silico analysis was to take the first step in the elucidation of the precise mechanism of the cyclin F (CCNF)-RRM2 axis in skin melanoma. The study aims to accelerate the development and to inspire other scientific teams to conduct similar research in the field.
In the present study, using the data available in the cBioPortal database, we showed for first time that high expression of cyclin F mRNA is associated with poorer prognosis in patients with skin cutaneous melanoma. Additionally, we present an overview of the molecular pathways involved in the cell cycle, cell death and DNA repair which are activated differentially in patients who exhibit high and low expression of cyclin F and RRM2.
Materials and methods

Analysis of publicly available data.
To assess the expression profile of cyclin F and RMM2 mRNA, we obtained data from The Cancer Genome Atlas via www.cBioPortal.org (10) . Patients were divided into groups: with CCNF or RRM2 mRNA upregulated expression (z-score >0) and with downregulated mRNA expression (z-score ≤0) and then, for each mRNA, we conducted overall survival and disease-free survival analysis. The same source was used for protein level comparison in patients with upregulated and downregulated cyclin F and RRM2 mRNA. In turn, we analyzed obtained information and used Reactome (http://reactome.org) and ToppGene Suite (http://toppgene.cchmc.org) to organize data into biological processes and functional molecular pathways.
Statistical analysis. In the life span study of the melanoma patients, the data were analyzed with Kaplan-Meier survival analysis with included log-rank test for trend tests. Comparisons between groups expressing different levels of mRNA or proteins were conducted using Mann-Whitney U-test. All statistical analyses were performed using GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
The TCGA data were used to characterize the prognostic value of cyclin F and RRM2 mRNA in melanoma. The results showed that increased expression of cyclin F mRNA is associated with worse outcome in melanoma patients ( Fig. 1 ; Tables I and II) . Median survival in patients with upregulated cyclin F was significantly lower (112.48 vs. 55.55 months; P<0.0001). No significance in disease-free survival (DFS) was found. Furthermore, expression of RRM2 mRNA had a significant influence on median survival (102.04 vs. 61.47; P=0.034), but no effect on DSF was noted ( Fig. 2 ; Tables I and II) . Cyclin F significantly altered the expression of different cellular proteins. The expression of proteins negatively and positively correlated with CCNF mRNA are listed in Tables III and V.  Representative plots are shown in Figs. 3 and 4. Analogous data  for RRM2 mRNA expression are shown in Tables VII and IX,  and representative plots are presented in Figs. 5 and 6. The analysis using Reactome showed that upregulation of cyclin F resulted in downregulation of pathways responsible for signal transduction and activation of cell cycle-related and DNA repair (Fig. 7) . High expression of RRM2 mRNA also resulted in downregulation of cell signaling pathways. Activation of the cell cycle and DNA pathways was also visible but less univocal (Fig. 8) . Upregulation of cyclin F coincides with altered expression of factors that were associated with worse patient outcome. Furthermore, patients with worse outcome had increased levels of proliferative proteins, such as cyclin E, cyclin B, PCNA, pro-survival factors such as p27 or FOXM1 and connected with AKT pathway activation (INPP4B). The list of biological processes altered by cyclin F dysregulation are presented in Tables IV and VI . Furthermore, data presenting biological processes influenced by changes in RRM2 expression are presented in Tables VIII and X.
Discussion
There is only limited data describing cyclin F and its possible role in human cancer. D'Angiolella et al characterized the functional axis which is responsible for DNA repair following genotoxic stress (5) . It is possible that interaction between cyclin F and RRM2 is significantly responsible for treatment response, thus detailed recognition of its nature may be useful for cancer clinical outcome prediction. Nuclear accumulation of RRM2, which allows efficient DNA repair, is preceded by downregulation of cyclin F. As it has been shown by D' Angiolella et al the insertion of wild-type cyclin F into hTERT RPE-1 cells prevents transposition of RRM2 from the cytoplasm to the nucleus (5). It has also been shown that overexpression of RRM2 may affect the proliferation of melanoma cells, their response to treatment in vivo, and is associated with worse overall survival in melanoma patients bearing mutations in the BRAF oncogene (8, 11, 12) . Based on these data, we hypothesized that low expression of cyclin F in melanoma patients can be related to a poorer prognosis. This hypothesis was strengthened by the fact that the relationship between low cyclin F expression and poorer prognosis was demonstrated by Fu et al in patients with hepatocellular carcinoma. They showed that downregulation of cyclin F in hepatocellular carcinoma tissue samples was related to larger tumor size and poor tumor differentiation (13) . Interestingly our analysis revealed that high expression of cyclin F mRNA is associated with poorer prognosis in skin cutaneous melanoma. Much as the result differs from what was expected, it is not surprising as overexpression of cyclin proteins is more common in cancer rather than their downregulation. Sun et al showed that overexpression of cyclin B1 is associated with poorer prognosis and reduced overall survival in breast cancer (14) . Li et al revealed an association between high expression of cyclin B1 and claudin-1 with worse outcome in patients with hypopharyngeal squamous cell carcinoma (15) . On the other hand, high cyclin B1 expression was found to reduce lymph node metastasis and distant metastasis stage, and was also associated with higher survival rates in colorectal cancer (16) . High Table II . Changes in overall survival and disease-free survival as associated with CCNF and RRM2 mRNA expression in melanoma patients.
Overall survival Disease-free survival expression of cyclin D1 is a poor prognostic factor in gastric, oropharyngeal and breast cancer (17) (18) (19) . Additionally, the overexpression of cyclin E correlates with worse outcome in patients with breast cancer, rectal cancer and gastrointestinal cancer (20) (21) (22) . Some evidence has shown that low expression of cyclin F may be tumorigenic. It has been proposed that the downregulation of cyclin F promotes centrosomal and mitotic abnormalities associated with impaired degradation of CP110, an important centriolar protein (23) . Moreover, cyclin F-mediated degradation of CDC-6 suppresses genome instability and prevents re-replication, limiting the number of cells with DNA content greater than 4N (24). Pan et al showed that different levels of cyclin F, cyclin D and RBL1 between 2D and 3D cultured cells may be associated with radioresistance of cells in 3-dimensional culture. They noted that A549 cells cultured in 3D exhibited lower levels of cyclin F and were less susceptible to G2/M cell cycle arrest after X-ray irradiation (25) . However, the potential role of cyclin F as a tumor-promoting factor and the underlying mechanism remain elusive. The Oct4/NIPP1-CCNF/PP1 axis is responsible for maintenance of retinoblastoma protein 1 (Rb1) in the hyperphosphorylated state providing stem cell self-renewal and increased proliferation. Inactivation of Rb1 via CCNF/PP1 is also associated with enhanced ovarian cancer aggressiveness (26, 27) . In our pathway analysis, we observed a decrease in the cell signaling-related pathway activity and increase in the cell cycle-related pathways in patients with upregulated levels of cyclin F. A recent report showed that cyclin F is a bridge between AKT kinase and cell cycle machinery. Choudhury et al hypothesized a model where growth signaling initiates a positive loop where AKT phosphorylates and stabilizes cyclin F in the SCF complex.
This stabilization inhibits degradation of cyclin F via APC/C (Cdh1) complex and promotes SCF-dependent degradation of Cdh1. Degradation of Cdh1 is essential for S phase entry and loss of cyclin F impairs cell cycle progression (28, 29) . Activation of the PI3K/AKT pathway is a common event in a variety of cancer diseases and it is believed to contribute to drug resistance. Although, we did not observe clear symptoms of PI3K/AKT activation, our analysis revealed downregulated INPP4B, tumor suppressor antagonizing PI3K/AKT pathway. Loss of INPP4B was found to increase AKT activation and drive higher proliferation rate and metastasis (30) . It has been also reported that a decreased level of INPP4B is releted to higher proliferative, invasive and metastatic potential of melanocytic neoplasms (31) . In contradiction to these reports is a study by Chi et al where upregulation of INPP4B in a melanoma subset was observed. Furthermore, INPP4B driven proliferation was Akt-independent and was mediated by serum-and glucocorticoid-regulated kinase 3 (SGK3). Additionally, they observed no significant differences between primary and metastatic melanoma suggesting the involvement of INPP4B in developing cancer from the early stages (32) . In the present study, the upregulation of cyclin F mRNA was found to coincide with the downregulation of p27 protein, important cell cycle regulator involved in G1 arrest. Akman et al found that patients with melanoma are characterized by lower p27 expression in comparison to patients with benign nevi and dysplastic nevi (33) . Furthermore, Florenes et al reported that decreased expression of p27 is associated with increasing Breslow thickness and lower disease-free survival rates in primary nodular melanoma (34) . Additionally, the low expression of p27 in melanocytic lesions may be responsible for its high proliferation rate (35) . The lack of proper control in regards to cell cycle events is typical for cancer cells. As was mentioned in the introduction, the overexpression of cyclins is very common in various malignancies. In our analysis, elevated levels of cyclin F mRNA were also associated with upregulation of cyclin E1 and B1 proteins. Elevated levels of cyclin E1 were observed in melanoma and enhanced expression of cyclin E was noted in both primary and metastatic melanomas. In contrast, its overexpression was not observed in non-malignant nevi (36). Bales et al reported that cyclin E is overexpressed in melanoma and present in the low-molecular form. Noteworthy, transfection of a primary cutaneous melanoma cell line with low tumorigenic and metastatic potential with low-molecular cyclin E forms resulted in the development of angiogenic tumors with prominent perineural invasion. Additionally, truncated forms of cyclin E triggered a dramatic increase in a number of metastasis events (37) . In turn, cyclin B1 is involved in proliferation and metastatic potential of melanoma cells (38) . Silencing of cyclin B exerts an antitumor effect on melanoma cells and lung metastases, both in vitro and in vivo (39).
Kruiswijk et al reported that patients with elevated levels of cyclin B1, Pin1 and FOXM1 display a worse outcome and exhibit increased mortality (40) . FOXM1 is a pro-proliferative and pro-survival transcription factor participating in DNA repair. Moreover, these data are in agreement with our analysis, where a significant increase in FOXM1 protein in patients with upregulated cyclin F mRNA was noted. It suggests possible activation of cyclin F expression by FOXM1, but further research is needed to clarify this. Moreover, the upregulation of FOXM1 coincides with downregulation of FOXO3a. The abrogation of FOXO3a function was found to lead to increased tumor aggressiveness in melanoma and renal carcinoma (41, 42) . Another important observation made in this study is that 4E-BP1 (4E binding protein 1) was hyperphosphorylated in patients with upregulated cyclin expression. Phosphorylation of 4E-BP1 results in dissociation from translation factor eIF4E and allows cap-dependent translation. Phospho-4E-BP1 may also be useful as a marker of mTOR pathway activity and integrates signals obtained from PI3K/AKT and RAS/RAF/MEK/ERK pathways (43). Additionally, concomitant hyperphosphorylation of 4E-BP1 and activation of the PI3K/AKT pathway results in resistance to mTOR inhibitors. Moreover, in hypoxic conditions, 4E-BP1 initiates translation of proteins responsible for angiogenesis (VEGF-A), hypoxia response (HIF1α) and apoptosis resistance (Bcl-2) in advanced cancer (44, 45) . Increased levels of phosphorylated 4E-BP1 are also associated with poor overall survival and significant difference in post-recurrence survival (46) . It is possible that cyclin F is a part of the specific cellular environment, promoting cell proliferation and survival.
The ability of cancer cells to efficiently repair DNA is a significant barrier to successful treatment. RRM2 is a part of the RNR and has been reported to be partially responsible for chemoresistance of cancer cells, including melanoma. However, our analysis did not reveal significant changes in overall survival or disease-free survival between patients with differential RRM2 mRNA expression. Aird et al showed that high RRM2 expression is correlated with worse outcome in melanoma patients (8) . Silencing of RRM2 inhibited melanoma growth which suggests the involvement of RRM2 in melanoma progression. Silencing of RRM2 and treatment with mutant BRAF inhibitor PLX4720 simultaneously and synergistically inhibited melanoma growth (11) . It is possible that the negative effect of RRM2 overexpression is limited to patients bearing BRAF V600E mutation, but we cannot confirm this using TCGA data due to an insufficient number of patients with the BRAF mutation in the cohort.
Beyond controlling RRM2 levels, cyclin F is a limiting factor in histone H2.AX signalization. In the G2 phase cyclin F mediates degradation of SLBP protein which promotes synthesis of H2AFX mRNA. Presence of SLBP in the G2 phase increases H2.AX levels and makes the cell more susceptible to apoptosis under genotoxic stress. It is another piece of evidence showing how cyclin F promotes cancer progression (47) . Moreover, we observed an alteration in expression of other DNA-repair related proteins: XRCC1, PARP1, PCNA, and MSH6. All proteins were upregulated which is a hallmark of efficient DNA repair systems and a potential obstacle to successful treatment. However, the prognostic status of XRCC1 is ambiguous. Its overexpression is associated with less favorable prognosis in head and neck squamous carcinoma. Decreased levels of XRCC1 are responsible for acute side-effects after radiotherapy in breast cancer patients. Loss of XRCC1 confers a more aggressive phenotype in melanoma (48) (49) (50) . It suggests an indirect effect of cyclin F overexpression on the DNA damage repair system. Additionally, PCNA in patients with upregulated cyclin F is very significantly increased, what confirms the higher proliferation potential of cells overexpressing cyclin F. These findings confirm a study by Wang et al in which treatment of cells with stimulatory polysaccharides from abalone, significantly increased the expression of cyclin B1, CDK1 and cyclin F (51).
Another interesting observation was increased expression of TFRC (transferrin receptor 1) gene in patients with high expression of cyclin F and RRM2 mRNA. It has been CCNF, cyclin F; RPPA, reverse-phase protein array. ****, extremely significant (P<0.0001); ***, extremely significant (P=0.0001 to 0.001); **, very significant (P=0.001 to 0.01); *, significant (P=0.01 to 0.05); NS, not significant (P≥0.05).
reported that melanoma cells are able to upregulate transferrin receptor 1 through the hyaluronan/CD44 pathway. It is possible that this pathway promotes proliferation providing alternative iron supply for melanoma cells. High expression of TFRC is associated with unfavorable prognosis in breast and pancreatic cancer (52) (53) (54) . This newly discovered relationship between mRNA expression of CCNF and RRM2 provide and attractive point for further investigations in the field of dermato-oncology. Our analysis was performed using independent data obtained from TCGA and provide many key results that can be used in further explanation of the precise mechanisms. Moreover, we expect that the present results will be useful to other researchers and induce further investigations, essential for better diagnosis, prediction, therapy response, but also for better selection of patients for optimal therapy against skin melanoma. A high number of clones contributes to an exceptional level of intratumor heterogeneity of melanoma, but also refers to metastases which may originate from different subclones of the primary tumor. This creates an obstacle to proper diagnosis and successful treatment (55) . Increased research on the topic is needed for understanding the limitation or failure of contemporary therapies and the precise mechanism must and will be elucidated by our team in vitro in the immediate future using melanoma cancer cell panels. We suggest here to investigate the precise mechanism indicated in the study using all following cell lines: SK-MEL-1, A375, G-361, SK-MEL-3, SH-4, SK-MEL-24, RPMI-7951. However, we hope that the publication of in silico analyses accelerates In conclusion, the present study is a first attempt to elucidate the influence of cyclin F mRNA expression on the outcome of melanoma patients. High expression of cyclin F mRNA is associated with worse overall survival. Moreover, in silico analysis revealed that upregulated cyclin F mRNA expression is associated with activation of molecular pathways responsible for melanoma proliferation, metastatic potential and survival. These findings are a good starting point to address new cyclin F targets and interactions which drive the increased aggressiveness of the tumor.
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